On the mechanism of CFTR inhibition by a thiazolidinone derivative 
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The effects of a thiazolidinone derivative, 3- [(3-trifluoromethyl) phenyl] -5- [ (4-carboxyphenyl) methylene] -2-thioxo- 
4-thiazolidinone (or CFTRinh-172), on cystic fibrosis transmembrane conductance regulator (CFTR) gating were 
studied in excised inside-out membrane patches from Chinese hamster ovary cells transiently expressing wild-type 
and mutant CFTR. We found that the application of CFTRinh-172 results in an increase of the mean closed time 
and a decrease of the mean open time of the channel. A hyperbolic relationship between the closing rate and 
[CFTRinh-172] suggests that CFTRinh-172 does not act as a simple pore blocker. Interestingly, the potency of inhi- 
bition increases as the open time of the channel is increased with an IC50 in the low nanomolar range for CFTR 
channels locked in an open state for tens of seconds. Our studies also provide evidence that CFTRinh-172 can bind 
to both the open state and the closed state. However, at least one additional step, presumably reflecting inhibitor- 
induced conformational changes, is required to shut down the conductance after the binding of the inhibitor to 
the channel. Using the hydrolysis-deficient mutant E1371S as a tool as the closing rate of this mutant is dramatically 
decreased, we found that CFTRinh-172-dependent inhibition of CFTR channel gating, in two aspects, mimics the 
inactivation of voltage-dependent cation channels. First, similar to the recovery from inactivation in voltage-gated 
channels, once CFTR is inhibited by CFTRinh-172, reopening of the channel can be seen upon removal of the 
inhibitor in the absence of adenosine triphosphate (ATP). Second, ATP induced a biphasic current response on 
inhibitor-bound closed channels as if the ATP-opened channels "inactivate" despite a continuous presence of ATP. 
A simplified six-state kinetic scheme can well describe our data, at least qualitatively. Several possible structural 
mechanisms for the effects of CFTRinh-172 will be discussed. 



INTRODUCTION 

CFTR, a member of the ATP-binding cassette (ABC) 
transporter superfamily, is an epithelial chloride chan- 
nel that plays a critical role in fluid absorption and secre- 
tion. Loss-of-function mutations of CFTR result in the 
lethal hereditary disease cystic fibrosis (Riordan et al., 
1989; Welsh and Smith, 1993; Welsh et al., 2001) , whereas 
hyperfunction of CFTR chloride channels, usually re- 
sulted from bacterial enterotoxins, constitutes the basic 
cause for secretory diarrhea (Bhattacharya, 1995; Barrett 
and Keely, 2000) . Therefore, the development of pharma- 
cological reagents that can modulate CFTR function 
bears practical implications in clinical medicine. 

There has been tremendous progress in developing 
reagents that potentiate CFTR activity in recent years 
(Thiagarajah and Verkman, 2003; Van Goor et al., 2008) . 
In fact, one of the compounds is now in stage III clinical 
trial (Van Goor et al., 2009). However, progress in dis- 
covering CFTR inhibitors has been slow. Several well- 
studied CFTR inhibitors lack specificity and assume low 
potency (Hwang and Sheppard, 1999; Schultz et al., 
1999) . These include glibenclamide, diphenylamine-2- 
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carboxylate, 5-nitro-2(3-phenylpropyl-amino) benzoate, 
and niflumic acid. They seem to share a common mech- 
anism of action, plugging the pore from the cytoplas- 
mic side of the channel. High-throughput screening of 
diverse small molecules has made possible the discovery 
of two more selective inhibitors, a thiazolidinone deriv- 
ative, or CFTRinh-172 (Ma etal., 2002) , and glycine hydra- 
zide, or GlyH-101 (Muanprasat et al., 2004), for CFTR. 
Unlike aforementioned pore blockers, GlyH-101 ap- 
pears to act on the anion permeation pathway from the 
extracellular side of the channel. On the other hand, 
CFTRinh-1 72 works from the cytoplasmic side by inhib- 
iting CFTR gating (Taddei et al., 2004). 

Like other members of the ABC protein family, CFTR 
possesses two nucleotide-binding domains (NBDs) , NBD1 
and NBD2, in addition to two transmembrane domains 
(TMDs) that form the permeation pathway for chloride 
ions. Although the transporter members of this family 
use ATP binding and hydrolysis to drive the movement 
of substrate across the membrane, CFTR proteins use 
the same energy-harvesting machinery to drive the 
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conformational changes involved in the opening and clos- 
ing of the gate (Chen and Hwang, 2008; Hwang and 
Sheppard, 2009). The molecular mechanism underlying 
CFTR gating has been extensively studied with numerous 
nucleotide and phosphate analogues (e.g., Aleksandrov 
et al., 2002; Vergani et al., 2003; Zhou et al., 2005; Cai 
et al., 2006; Tsai et al., 2009). The major advantage of 
these reagents is that the site of action is in the ATP- 
binding pockets. However, this same feature also lim- 
its the mechanistic insights within the role of NBDs in 
CFTR gating. In contrast, CFTRinh-172 does not compete 
with ATP (Taddei et al., 2004). Thus, unraveling how 
CFTRinh-172 works and identifying its site of action 
could shed light on the gating mechanism beyond NBDs. 

Despite the high specificity of CFTRinh-172 on CFTR 
gating, very limited studies have been conducted to un- 
derstand how it works (Taddei et al., 2004; Caci et al., 
2008). The inhibition was found to be potent, rapid, 
reversible, and voltage independent, despite the fact that 
CFTRinh-172 carries a negative charge. Patch clamp 
experiments (Taddei et al., 2004) have shown that 
CFTRinh-172 reduces the open probability (Po) but does 
not change the unitary conductance. It was also reported 
that the decrease in Po was caused by an increase of the 
mean closed time with the mean open time being un- 
changed. Based on the lack of voltage dependence and 
an absence of changes in the open time, it was proposed 
that CFTRinh-172 affects channel gating rather than oc- 
cludes the pore, and that the inhibitor probably acts 
during the closed phase of the gating cycle. However, it is 
strange that the degree of inhibition for G551D and 
G1349D was of the same order of magnitude as that of 
wild-type (WT)-CFTR despite a very different closed time 
among these three channels (Bompadre et al., 2007). 

Another set of experiments was performed to test the 
possibility that CFTRinh-172 interacts with the pore re- 
gion of CFTR proteins (Caci et al., 2008) . The effect of 
mutations in amino acid residues of the sixth trans- 
membrane helix of CFTR on the apparent affinity of 
CFTRinh-172 has been examined. Fluorescence assays 
and whole cell patch clamp experiments have shown 
that mutations of several residues in this segment alter 
the sensitivity to CFTRinh-1 72. However, the residue in 
this region of CFTR, when mutated, that exhibits the 
most changes in the apparent affinity for CFTRinh-172 
is R347, which does not line the permeation pathway 
(Cotten and Welsh, 1999; Bai et al., 2010). 

The purpose of the current work was to elucidate the 
kinetic mechanism of CFTR inhibition by CFTRinh-172. 
Contrary to previous reports, we found that the mean open 
time of the CFTR channel is decreased by CFTRinh-172, 
and that prolongation of the channel open time leads 
to more potent inhibition. Although these findings sup- 
port the idea that the inhibitor acts when the channel is 
opened, the nonlinear relationship between the closing 
rate and [CFTRinh-172] implies a more complicated 



mechanism of inhibition than a simple pore occlu- 
sion. Our data suggest that the binding of CFTRinh-172 
to either the open or the closed state induces confor- 
mational changes that "inactivate" the channel. This 
inactivation emulates the well-established inactivation 
mechanism for voltage-gated cation channels. The 
structural and functional implications of our results 
are discussed. 

MATERIALS AND METHODS 

Cell culture and transient expression of CFTR 

NIH3T3 cells stably expressing WT-CFTR channels and Chinese 
hamster ovary (CHO) cells were grown at 37°C and 5% CO2 in 
Dulbecco's modified Eagle's medium supplemented with 10% 
FBS. WT or mutant CFTR channels were expressed transiently in 
CHO cells. The cDNA constructs were cotransfected with pEGFP- 
C3 (Takara Bio Inc.) encoding green fluorescent protein using 
transfection reagent (PolyFect; QIAGEN) according to the manu- 
facturer's protocols. Before patch clamp recordings, cells were 
plated on sterile glass chips in 35-mm tissue culture dishes and in- 
cubated at 27°C for 1-2 d. 

Inside-out patch clamp recordings 

Patch clamp pipettes were made from borosilicate capillary glass 
using a two-stage vertical puller (Narishige) . The pipette tips were 
fire polished with a homemade microforge to yield a pipette resis- 
tance of 3-5 MH measured in the working solution. Before the re- 
cording, a glass chip with cells grown on it was placed into a 
continuously perfused chamber on the stage of an inverted mi- 
croscope (Olympus). CFTR currents were recorded at room tem- 
perature (22-24°C) with an amplifier (EPC9; HEKA). Data were 
filtered at 100 Hz with an eight-pole Bessel filter (Warner Instru- 
ments) and captured onto a hard disk at a sampling rate of 500 Hz. 
The membrane potential was held at —60 mV. Downward deflec- 
tions in the current trace indicate channel opening. The current 
traces were reversed in polarity for data presentation. 

The standard pipette solution contained (in mM): 140 NMDG- 
Cl, 2 MgCl 2 , 5 CaCl 2 , and 10 HEPES, pH 7.4 with NMDG. The 
bath solution contained (in mM): 145 NaCl, 5 KC1, 2 MgCl 2 , 1 
CaCl 2 , 5 glucose, 5 HEPES, and 20 sucrose, pH 7.4 with NaOH. 
The perfusion solution after patch excision contained (in mM): 
150 NMDG-C1, 10 EGTA, 10 HEPES, 8 TRIS, and 2 MgCl 2 , pH 7.4 
with NMDG. 

Data analysis 

The steady-state mean currents used for calculation of the degree 
of inhibition were calculated with IGOR software (WaveMetrics). 
The mean baseline currents were subtracted before the data were 
used for calculations. The degree of inhibition by CFTRinh-172 
was calculated according to the equation: 

% inhibition = (l-I inh _ 172 /I 0 )-100%, 

where Io and Ijnh-iJ2 represent uninhibited and inhibited current, 
respectively. 

Kinetic parameters were extracted from patches with five or 
fewer simultaneous channel opening steps using a program devel- 
oped by L. Csanady (for details, see Csanady, 2000) . For a given 
[CFTRinh-172], the mean open (closed) time in the presence 
and absence of CFTRinh-172 was calculated as an average over 
5-10 patches. 

All averaged data are presented as means ± SEM; n represents 
the number of patches. Student's t tests were performed using 
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SigmaPlot (version 4.0; Systat Software Inc.), and effects were 
considered significant if P < 0.05. 

Reagents 

MgATP, PPi (tetrasodium salt), and PKA were purchased from 
Sigma-Aldrich. A6-(2-phenylethyl)-ATP (P-ATP) was purchased 
from BioLog Life Science Institute. MgATP and PPi were stored 
as a 250-mM stock solution at -20°C. 10 mM PATP stock solution 
was stored at — 80°C. The [PKA] used in this study was 1.6 ug/ml. 

Online supplemental material 

We performed Monte Carlo simulations based on the proposed 
Scheme 3 to reproduce some of our major findings. The online 
supplemental material includes simulated results mimicking ex- 
perimental data shown in Figs. 1, 3, 5, 6, 8, and 10. It is available 
at http://www.jgp.org/cgi/content/full/jgp.20 10 105 1 8/DC 1 . 

RESULTS 

Voltage-independent inhibition of CFTR current 
by CFTRinh-172 

We studied the effect of CFTRinh-172 on CFTR CI 
channels in excised inside-out membrane patches from 
CHO cells transfected with cDNA encoding WT or mu- 
tant CFTR. The channels were first activated by phos- 
phorylation to a steady state with 1.6 ug/ml PKA and 
1 mM MgATP. After activation, patches were exposed to 
1 mM MgATP, and then to 1 mM MgATP plus different 
concentrations of CFTRinh-172. Fig. 1 A shows repre- 
sentative recordings where 1 and 10 uM CFTRinh-172 
cause ^50 and ^90% reduction of the original current, 
respectively, and this inhibition is reversible, as removal 
of the inhibitor recovers all the current. The current re- 
covery phase upon washout of the inhibitor can be fitted 



with a single-exponential function, yielding a time con- 
stant of ~40 s (42.0 ± 5.3 s; n= 17). The concentration 
dependence of the effect of CFTRinh-172 is shown in 
Fig. 1 B. Fitting the dose-response relationship with the 
Hill equation yields an IC50 of ^1.1 uM and a Hill coef- 
ficient of ^1, results very similar to those reported by 
Taddei et al. (2004). It should be noted that even at 
10 pM (>6 x IC50), the inhibitor did not abolish all the 
current. Also as reported by Taddei et al. (2004), we 
found that the effect of CFTRinh-172 on CFTR is not 
sensitive to the membrane potential (Fig. 1, C and D). 

Effects of CFTRinh-172 on single-channel kinetics 

Although the results shown in Fig. 1 basically agree with 
what has been reported by Taddei et al. (2004), some 
differences emerged when we examined single-channel 
kinetics of CFTR in the presence of CFTRinh-172. The 
major kinetic effect of CFTRinh-172 on CFTR was re- 
ported to be an increase of the closed time without 
changes of the open time. For an inhibitor that only 
prolongs the closed time, a simple three-state scheme, 
Cinh<->C<-»0, can be used to explain the results. How- 
ever, this scheme will not be sufficient if the open time 
is altered by the inhibitor. 

Fig. 2 shows recordings of WT-CFTR in inside-out 
membrane patches containing few channels so that in- 
dividual openings and closings can be discerned and 
microscopic kinetic parameters can be obtained. Even 
by eye inspection, one can observe a decrease of the open 
time accompanying a prolonged closed time in the pres- 
ence of CFTRinh-172. This effect of CFTRinh-172 on the 
open time is even more prominent on P-ATP-opened 
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Figure 1. Voltage-independent 
inhibition of WT-CFTR by 
CFTRinh-172. (A) Continuous 
WT-CFTR current traces show- 
ing reversible inhibition by 1 
or 10 pM CFTRinh-172. In an 
inside-out patch clamp experi- 
ment, after the channels in the 
patch were activated with 1 
mM MgATP plus PKA, we ap- 
plied 1 mM MgATP, followed by 
1 mM MgATP plus 1 or 10 pM 
CFTRinh-172. The current re- 
covery phase upon removal of 
1 pM CFTRinh-172 was fitted 
with a single-exponential func- 
tion, yielding a rate constant of 
0.031 s" 1 (0.024 ± 0.003 s -1 ; n = 
17). (B) The concentration de- 
pendence of CFTR inhibition 
fitted with the Hill equation with 
IC50 = 1.16 ± 0.09 pM and Hill 

coefficient n = 1.31 ± 0.12. Each data point represents values determined from 6-14 patches. The error bars are smaller than the symbols. 
(Inset) The structure of CFTRinh-172. (C) Representative I-V curves in the presence (red) or absence (blue) of 1 pM CFTRinh-172. 
A voltage ramp over ±100 mV was applied to a patch yielding macroscopic currents. (D) Percent inhibition at different voltages was 
obtained from C. Data between —10 and 10 mVwere discarded because of the small size of the signal. Similar observations were made 
in five patches. lnh-172 is the abbreviation for CFTRinh-172 in this and subsequent figures. 
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channels, as this high-affinity ATP analogue increases the 
open time of WT-CFTR (Fig. 2, B and C) . At a macro- 
scopic level, P-ATP-gated channels also seem more sen- 
sitive to CFTRinh-172 (66% inhibition for P-ATP- vs. 51% 
inhibition for ATP-gated channels at 1 pM CFTRinh-1 72) . 
Shortening of the open time implies that the inhibitor 
works when the channel is in the open state and is typi- 
cally one of the main characteristics of an open-channel 
blocker. Therefore, it is important to first examine the 
possibility that CFTRinh-1 72 acts by occluding the pore 
as a simple open-channel blocker. 

The mechanism of action for simple pore blockers 
can be described by the minimum scheme C<-»0<-»B, 
where C<-»0 and 0<->B represent the ATP-dependent 
gating and inhibitor-dependent blocking steps, respec- 
tively. This scheme predicts a linear relationship between 
the closing rate of the channel and the concentration of 
the inhibitor as demonstrated for glibenclamide block- 
ade of CFTR (Zhou et al., 2002). We measured the 
closing rate (i.e., 1/t 0 ) at different [CFTRinh-172]. 
Interestingly, instead of a simple linear relationship be- 
tween the closing rate and [CFTRinh-172], our results 
show a hyperbolic relationship (Fig. 3). Because short- 
ening of the open time itself suggests that the inhibi- 
tor can bind to the open state (also see below), this 
saturation function can be described by a more ex- 
panded scheme: C<-»0<-»Oi n h<-»Ii n h (Scheme 1). Here, 
the binding of the inhibitor to the open state (Oi n h) by 
itself does not abolish the current, but it may induce 
some conformational changes that result in a non- 
conducting or "inactivated" state, I, n h. Alternatively, the 
inhibitor may bind to the closed state, but the inhibitor- 



bound channels open with a shorter open time; i.e., 
0' in h<-^Ci nh O-C<-^0 (Scheme 2). 

Effects of the open time on the apparent affinity 
of CFTRinh-172 

The observation that, at a submaximal [CFTRinh-172], 
the degree of inhibition is higher for WT-CFTR opened 
with P-ATP than that with ATP suggests a relationship 
between the stability of the open state and IC50. As 
shown in Fig. 2 C, the decrease of the mean open time 
by CFTRinh-172 is greater if CFTR channels are opened 
with P-ATP instead of ATP. 

To further explore this relationship between the 
mean open time and the potency of CFTRinh-172, we 
tested CFTRinh-172 on a CFTR mutant, D1370N-CFTR, 
which exhibits an open time of ~1 s (Bompadre et al., 
2005) . Fig. 4 A shows a representative current trace with 
two opening steps. Microscopic kinetic analysis revealed 
a mean open time of 1,017.1 ± 45.4 ms (n = 5) for this 
mutant CFTR. Fig. 4 B demonstrates the effects of 1 pM 
CFTRinh-172 on the macroscopic current of D1370N- 
CFTR Compared with WT-CFTR (^50% inhibition), 
>80% inhibition was observed at this concentration of 
CFTRinh-172. This more efficacious inhibition is ac- 
companied by an even slower rate of recovery upon 
washout of CFTRinh-172 in the continuous presence of 
ATP. The time course of current recovery can be fitted 
well with a single-exponential function (Fig. 4 B, red 
line) , yielding a rate constant of 0.006 + 0.001 s~ x (n = 15), 
which is approximately fivefold slower than the rate of 
recovery for WT-CFTR (Fig. 1). This decrease in IC50 
for CFTRinh-172 is best seen with the dose-response 




Figure 2. Effects of CFTRinh-172 on the open time of WT-CFTR. (A and B) Single-channel traces showing a reversible decrease of the 
open time in the presence of CFTRinh-172 for (A) ATP- and (B) P-ATP-gated channels. Dashed lines represent the current level of the 
closed state. (C) The mean open time (t d ) decrease as a result of 5 uM CFTRinh-172 for channels opened with ATP (n = 10) or P-ATP 
(n= 7). The mean closed time (t c ) was prolonged by CFTRinh-172 (t c = 637.3 ± 59.2 ms in the absence of CFTRinh-1 72 and 2,580.5 ± 623.4 
ms in the presence of 5 uM CFTRinh-172). For channels opened with P-ATP, t c = 670.8 ± 55.8 ms and 2,058.3 ± 254.2 ms in the absence 
and presence of CFTRinh-172, respectively. 
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relationships (Fig. 4 C) that show a graded leftward shift 
as the mean open time is prolonged. 

The results shown in Fig. 4 suggest that the potency of 
CFTRinh-172 is determined by the open time: the lon- 
ger the open time, the lower the IC50. For D1370N- 
CFTR with an open time of ^1 s, the IC50 is already in 
the nanomolar range. We wondered if the potency can 
be increased additionally if we further prolong the 
open time, which can be accomplished by locking open 
WT-CFTR with ATP and PPi (Tsai et al., 2009) . If the hy- 
pothesis that the increase in the open time leads to more 
potent inhibition is correct, one can expect a significant 
increase in the potency of CFTRinh-172 for channels 
locked in a stable open state for tens or hundreds of sec- 
onds. Fig. 5 A shows a continuous current trace of 
WT-CFTR activated with PKA, ATP, and PPi. Once the 
current reached a steady state, 2 pM CFTRinh-172 was ap- 
plied. The macroscopic current immediately declined to 
an indiscernible level. A similar observation was made with 
E1371S-CFTR, a hydrolysis-deficient mutant with an open 
time of ^100 s (Fig. 5 B) . Fig. 5 C shows the dose-response 
relationships of CFTRinh-1 72 for WT-CFTR locked open 
with ATP and PPi (green circles), or E1371S-CFTR 
locked open with ATP (blue squares) . Indeed, the dose- 
response curve shifts further to the left. It is technically 
difficult to assess the effect of CFTRinh-172 at a concen- 
tration <5 nM because the inhibition at very low inhibi- 
tor concentrations is extremely slow, so that the time 
course of CFTR inhibition by CFTRinh-172 is easily dis- 
torted by current decrease as a result of channel run- 
down. Therefore, we were not able to obtain a more 
complete dose response for locked-open WT channels. 
Nevertheless, the data shown in Fig. 5 C suggest an IC50 
of <^10 nM. Besides a difference in IC50 for the inhibi- 
tor, there is also a difference in maximal percent inhibi- 
tion as seen in Fig. 5 C (>99% inhibition for locked-open 
channels vs. ~90% for ATP-gated WT-CFTR) . 
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Figure 3. The relationship between [CFTRinh-172] and the 
closing rate. Mean open times at different concentrations of 
CFTRinh-172 were obtained from single-channel kinetic analysis, 
as described in Materials and methods. Each data point represents 
values determined from 7-10 patches. This relationship follows a 
saturation function, suggesting the existence of an additional step 
after the binding of the inhibitor to the open channel. 



The extremely high stability of the inhibited state for 
locked-open channels is also represented in the wash- 
out phase of the experiment. Fig. 6 A shows that once 
the locked-open WT channels are inhibited, removal of 
CFTRinh-172 in the continuous presence of ATP results 
in an extremely slow recovery of the current. When we 
fitted the time course of the current recovery phase with 
a single exponential function, the time constant was on 
the order of hundreds of seconds. A similar observation 
was made with E1371S-CFTR channels locked open 
with ATP (Fig. 6 B). One technical difficulty with this 
type of long-lasting experiments is the possibility of run- 
down induced by membrane-associated phosphatases 
(e.g., Weinreich et al.,1999), although during the slow 
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Figure 4. Prolonging the mean open time of CFTR increases the 
potency of CFTRinh-172. (A) Representative single-channel trace 
for D1370N-CFTR, a hydrolysis-deficient mutant with a mean open 
time of ~1 s. (B) A continuous current recording showing a revers- 
ible inhibition of macroscopic D1370N-CFTR currents by 1 uM 
CFTRinh-172. (C) Dose-response relationships of CFTRinh-172 for 
WT-CFTR gated by ATP or P-ATP and D1370N-CFTR gated by ATP. 
Note a graded leftward shift of the dose-response relationship as 
the mean open time is prolonged. The experimental data were fit- 
ted with the Hill equation. Fitting parameters: for P-ATP-gated WT 
channels: IC50 = 0.37 ± 0.22 uM and Hill coefficient, n = 0.69 ± 0.38; 
for D1370N-CFTR: IC50 = 0.064 ± 0.007 uM and n= 1.26±0.17. Data 
points represent the average values determined from 4-14 patches. 
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current recovery phase, we often added PKA into the sys- 
tem to ensure that the observed slow current recovery is 
not a result of dephosphorylation of CFTR. To further 
verify this slow recovery, we quantified this recovery phase 
using a phosphorylation-independent construct charac- 
terized previously (i.e., E1371S mutation in a construct 
without the R domain, or E1371S/AR; see Bompadre 
et al., 2005). Again, the time constant of the current re- 
covery for E1371S/AR is ^6 min (Fig. 6, C and D). 
Because the activity of E1371S/AR-CFTR is independent 
of phosphorylation, in the following sections we will use 
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Figure 5. Inhibition of locked-open CFTR by CFTRinh-172. 
CFTR channels were locked into an open state by using ATP 
plus PPi for WT-CFTR (A) or ATP for E1371S-CFTR (B). Once 
a steady-state current was attained, CFTRinh-172 was applied. In 
either case, the current was inhibited nearly completely. During 
the activation period, the short flat and vertical lines are a re- 
sult of saturation of the amplifier and subsequent changes in the 
amplifier gain. (C) Dose-response relationships of CFTRinh-172 
for WT-CFTR locked open by PPi (green symbols) and E1371S- 
CFTR locked open with ATP (blue symbols) . Each data point rep- 
resents values determined from four to nine patches. The fitted 
dose-response curve for WT channels gated with ATP was shown 
for comparison (red line). Although an accurate curve fit for the 
dose response cannot be obtained for PPi locked-open channels, 
a rough estimate of the IC50 of ~10 nM seems reasonable. 



this construct to study kinetics of current recovery from 
inhibition when dephosphorylation is a concern. 

The results in Figs. 5 and 6 are important in several 
aspects. First, the immediate decrease of the macroscopic 
currents upon the addition of CFTRinh-172 indicates 
that the channel can be readily inhibited from the open 
state as proposed in Scheme 1. Although the observation 
that the open time of ATP-gated WT-CFTR is shortened 
by CFTRinh-172 (Fig. 2) suggests a direct effect of 
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Figure 6. Slow recovery from inhibition for the locked-open 
CFTR. (A-C) Representative traces showing recovery after inhi- 
bition of locked-open CFTR channels by CFTRinh-172. (D) The 
diagram shows the average rate of recovery from inhibition by 
CFTRinh-172 for WT and E1371S CFTR locked in an open state. 
The rate of recovery for ATP-gated WT-CFTR was plotted for com- 
parison. The mean rate constants of recovery are: 0.024 ± 0.003 s 
(n = 17) for ATP-gated WT-CFTR; 0.0042 ± 0.0011 s _I (w = 10) 
for WT-CFTR locked in an open state with ATP plus PPi; 0.0026 ± 
0.0004 s" 1 (n = 18) for E1371S; and 0.0039 ± 0.0005 s" 1 (n = 18) 
for E1371S/AR. 
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CFTRinh-172 on the open state, one can still argue that 
CFTRinh-172 binds only to the closed state, but the in- 
hibitor-bound closed channel opens very slowly, and once 
it opens, the open time is short (Scheme 2). Although it 
remains possible that inhibitor-bound channels may open 
for a shorter time, Scheme 2 by itself cannot explain the 
immediate decrease of the current generated from locked- 
open channels, as the mean open time for the locked- 
open channels is tens to hundreds of seconds. Second, the 
dramatic leftward shift of the dose-response relationship 
for locked-open channels, however, also disapproves 
Scheme 1 because this scheme predicts that IC50 should 
be inversely proportional to Po (IC50 a 1/Po). As the Po 
of ATP-gated WT-CFTR is -40-50% of that for channels 
locked open with ATP and PPi, a twofold change of 
IC50 is expected if Scheme 1 is correct. Instead, we ob- 
served a >1 00-fold change of IC50. Third, that IC50 for 
CFTRinh-172 is decreased to 10 nM as the open time is 
prolonged to tens of seconds suggests that stabilizing the 
open state somehow stabilizes the binding of CFTRinh-1 72. 
Fourth, the extremely stable inhibited state for channels 
locked in the open state provides a unique time window 
to address several kinetic questions concerning how 
CFTRinh-172 works, as described in the following sections. 

Can the inhibited channel reopen without ATP? 

We have shown above that CFTRinh-172 is unlikely to 
be a simple open pore blocker. One possible mechanism 
for CFTR inhibition by CFTRinh-1 72 could be promo- 
tion of ATP dissociation and/or separation of the NBD 
dimer, as ATP-triggered NBD dimerization is responsi- 
ble for channel opening (Vergani et al., 2005). In other 
words, CFTRinh-172 works by promoting the closure of 
the gate opened by ATP. This idea can be tested by re- 
moving CFTRinh-172 in the absence of ATP once the 
locked-open channels are inhibited. If the inhibitor 
works by disengaging NBD dimers and thereby promot- 
ing ATP dissociation, one would predict that, once in- 
hibited, channels will need ATP to open again. Fig. 7 
shows such an experiment. Once E1371S-CFTR channels 
were activated with PKA and ATP, the channels were 
subsequently inhibited by applying 5 uM CFTRinh-172. 
The current was diminished within a few seconds. The 
inhibitor was then removed in the absence of ATP. 
One can clearly discern the reopening of at least four 
channels in this patch. It can also be seen that there are 
at least two types of openings in the absence of ATP. 
Some of those brief openings (Fig. 7, blue inset) proba- 
bly represent ATP-independent events observed normally 
in the absence of ATP for E1371S-CFTR (Bompadre 
et al., 2005). On the other hand, the locked-open state 
is discernable by its characteristic long-lasting events 
with flickery closures (Fig. 7, red inset) . Based on the 
idea that the open state represents an NBD dimer 
(Vergani et al., 2005; Zhou et al., 2006; Tsai et al., 2009) , 
we conclude that CFTRinh-172 does not promote the 



closing of the gate by disrupting the NBD dimer. More 
likely, the two NBDs remain engaged (i.e., the ligand 
ATPs remain bound), whereas the current is inhibited. 
It is interesting to note that this reopening in the absence 
of ATP is reminiscent of one well-known phenomenon 
for the voltage-gated cation channels that inactivate af- 
ter activation by depolarization. These inactivated chan- 
nels can reopen transiently when the membrane potential 
is stepped to hyperpolarizing voltages, as the inactivated 
channel will sojourn to the open state before the activa- 
tion gate closes (Ruppersberg etal., 1991). 

The other important kinetic information from data 
shown in Fig. 7 is the rate of reopening upon removal of 
CFTRinh-172. It takes tens of seconds to observe the first 
reopening of the channels in Fig. 7. Thus, the inactivated 
state with both CFTRinh-1 72 and ATP bound is exceed- 
ingly stable and can be considered an absorbing state. 

Does CFTRinh-172 bind to the closed state? 

As described above, a lack of an inverse relationship 
between IC50 and Po suggests that Scheme 1 where 
CFTRinh-172 only binds to the open state is incorrect, 
despite the fact that this scheme can explain the re- 
opening of the inhibited channels in the absence of 
ATP (Fig. 7). More likely, CFTRinh-172 can also bind 
to the closed state. Again, E1371S-CFTR allows us to 
address this question. Fig. 8 shows a recording where a 
super-maximal concentration of CFTRinh-172 was ap- 
plied for 20 s in the absence of ATP when the channels 




Figure 7. Reopening of inhibited E1371S-CFTR channels upon 
removing CFTRinh-1 72. A continuous recording of E 1 371S-CFTR, 
a hydrolysis-deficient mutant with a prolonged open time, shows 
reopening of the inhibited channels in the absence of ATP upon 
removal of CFTRinh-172. Note that the channels can reopen into 
the locked-open state. Because some of the reopened channels 
are expected to close during such a long recording in the absence 
of ATP, the number of reopened channels is underestimated if 
one simply counts the opening events. Similar observations were 
made in more than 30 patches. 
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are mostly closed. The inhibitor was removed for ^2 s 
before ATP was added. If the inhibitor can only bind to 
the open state, ATP will lock open all of the channels 
because the inhibitor is no longer in the superfusion 
solution. On the other hand, if the inhibitor can bind to 
the closed state and the inhibitor-bound closed chan- 
nels do not respond to ATP, one expects that ATP will 
not be able to elicit any current. Neither of these two 
scenarios holds. As seen in Fig. 8, the application of ATP 
induced a biphasic current change: an initial increase of 
the current, followed by step-wise shutdown of individual 
channels. This surprising result indicates that CFTRinh-172 
can bind to the closed state, as ATP fails to lock open the 
channel. The extremely slow recovery of the current 
after the biphasic response indicates that at the be- 
ginning of the recovery phase, nearly all channels are 
absorbed in the stable inactivated state (see below for de- 
tails) . For the biphasic response itself, we propose that the 
CFTRinh-172-bound closed channel can be opened by 
ATP. However, unlike inhibitor-free El 37 IS channels 
that are locked open by ATP, the current from inhibitor- 
bound channels, first elicited by ATP, dropped by itself 
within a few seconds, as the inhibitor-bound open chan- 
nels are now inactivated. Again, this observation is some- 
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Figure 8. The binding and inhibition of CFTRinh-172 in the 
closed state of E1371S/AR-CFTR channels. The inhibitor was ap- 
plied for ^20 s in the absence of ATP and was removed from the 
perfusion solution for 2 s before the application of ATR Imme- 
diately after the application of ATP, one can observe a transient 
current increase. However, subsequent spontaneous inactivation 
of open channels without the inhibitor in the perfusion solution 
suggests that the binding of the inhibitor does happen in the closed 
state. Subsequent recovery of the current in the presence of ATP 
took place very slowly. Fitting the recovery phase with an expo- 
nential function generates a rate constant of 0.0035 ± 0.0005 s' 1 , 
n = 12, which is not different from the rate constant for inhibition 
that took place during the open state (Fig. 6) . 



what analogous to the closing of the inactivation gate of 
voltage-gated ion channels — the inactivation gate is not 
closed until the activation gate is opened (Armstrong, 
1971, 1974; Armstrong and Bezanilla, 1977). 

Although the biphasic current response to ATP after 
the channels are exposed to CFTRinh-172 during the 
closed state was seen consistently, the relative magnitude 
of the initial current induced by ATP varies. In 12 patches, 
the ratio of the peak amplitude of the transient current 
to the original current is 0.38 + 0.03. Nevertheless, in the 
continuous presence of ATP, the whole current recovery 
takes place very slowly, as those shown in Fig. 6, where the 
inhibitor was applied to the open channels. Fitting the 
time course of current recovery with a single-exponential 
function produces a rate constant of 0.0035 ± 0.0005 s~ , 
which is not different from the rate of current recovery 
for channels inhibited at an open state (i.e., Fig. 6). This 
result suggests that even when the inhibitor hits the 
closed state, ATP binding (which presumably engages the 
two NBDs) will render nearly all the channels absorbed 
in the energetically stable inactivated state. 

Three implications from the results shown in Figs. 7 
and 8 are worth mentioning here. First, the similarity of 
these data to the inactivation (Fig. 8) and recovery from 
inactivation (Fig. 7) of voltage-gated channels implies the 
operation of two different gates, one controlled by ATP- 
induced NBD dimerization and a second "inactivation" 
gate that closes after CFTRinh-172 binds to the channel. 
Second, the direct demonstration that CFTRinh-172 can 
bind to the closed state necessitates a modification of 
Scheme 1. Third, the relatively small amplitude of the 
peak current in the biphasic response shown in Fig. 8 sug- 
gests that some of the inhibitor-bound closed channels do 
not respond to ATP. In other words, the inhibitor-bound 
closed state can travel to a different inactivated state. We 
therefore added to Scheme 1 two additional states, Cj„h 
and I'i n h, representing CFTRinh-172-bound closed state 
and inactivated CFTRinh-172-bound closed state, respec- 
tively (Scheme 3 below). It should also be noted that I ln h 
and I'i n h are fundamentally different in that, as described 
above, I m h has both ATP and inhibitor that remain bound, 
whereas the 1'^ state has not been exposed to ATP. 

O ■ °inh ' >inh 

" ♦ 4 



C C inh '"inh 
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In this scheme (Scheme 3), three vertical transitions 
represent ATP-dependent gating. In theory, there should 
be at least ATP-free and ATP-bound closed states, but 
they are lumped together because millimolar concen- 
trations of ATP were used in our experiments so that 
the binding step is mostly saturated. The two horizontal 
transitions on the left represent binding and unbinding 
of CFTRinh-172 for the open state and the closed state, 
respectively, whereas the two horizontal steps on the 
right represent inactivation and recovery from inactiva- 
tion of the open and closed channels. 

More detailed examination of this scheme can be 
found in the supplemental text. Here, we will briefly sum- 
marize how the results shown above lead to this scheme, 
and then demonstrate a few experiments to further sup- 
port the validity of the scheme. First, our experiments 
demonstrate that CFTRinh-172 can bind to both the 
open state (Fig. 5) and the closed state (Fig. 8); i.e., 
0<->O illh and C<->C inh . The binding of CFTRinh-172 to 
either the open state (Fig. 5) or the closed state (Fig. 8) 
does not lead to inhibition directly; an additional step is 
required; i.e., Oi n h<->I; n h and ChOl'mb- Fig. 8 also shows 
that the inhibitor-bound closed channels can be opened 
by ATP; i.e., Ci Iln <->Oi n h- Because the I; n h— >Oj nn transition 
takes at least tens of seconds (Fig. 7) , it is likely that Tnt,, 
a state in which both ATP and inhibitor remain bound, 
is energetically very stable. In contrast, I'; n h, a state with 
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Figure 9. Recovery of inhibited channels bypasses the reopening 
step. (A) A continuous current trace of E1371S/AR-CFTR chan- 
nels showing that some of the inhibited channels recover from 
inhibition without reopening. Similar observations were made 
in seven patches containing two to four channels. (B) Faster re- 
covery of inhibited E1371S/AR-CFTR channels in the absence of 
ATR 2 min after the removal of CFTRinh-172, more current can 
be elicited by ATP than that with ATP in the washout solution 

(Fig.ec). 



only inhibitor bound, is probably less stable because even 
after exposure of the closed channels to CFTRinh-172 
for 20 s, many channels can be still opened by ATP 
(Fig. 8). Thus, in Ci n h<->Tmh, I'mh does not serve as an 
absorbing state. Perhaps when ATP is applied, I'i„h will 
travel to the absorbing state, Ii n h. 

Scheme 3 depicts two exit pathways for the captive in- 
activated state, Ijnh: one "visible" pathway (Ii nn — >Oi„h) 
where inactivated channels reopen first before they dis- 
sipate into other states, and the other "invisible" path- 
way (Iinh— >I'inh), so called because no current will be 
seen during the recovery of the channels from I in h. Al- 
though the experimental results in Fig. 7 demonstrate 
the reopening upon washout of CFTRinh-172 in the ab- 
sence of ATP, the next set of experiments will address 
specifically the invisible pathway. 

Unlike the visible pathway, the invisible one involves 
only transitions through nonconducting states. Because 
we cannot "see" these events directly, the existence of this 
pathway can only be inferred if the visible one fails to ex- 
plain the experimental data. If Scheme 3 is correct, once 
the channels are fully inhibited to I inh , not all channels re- 
cover visibly. This can be examined with the locked-open 
channels, as their reopenings are readily discernible. 
Fig. 9 A shows such an experiment in patches containing 
only a few channels so that the number of reopening 
events can be counted manually. Because the experimen- 
tal protocol demands long stationary recordings, the 
phosphorylation-independent AR construct was used. 
E1371S/ARCFTR channels were opened with 1 mM ATP 
and then inhibited with 2 pM CFTRinh-172. After re- 
moval of ATP and the inhibitor from the solution, only 
one channel reopened in ^200 s of recording. However, 
subsequent application of ATP opened three channels. 
Thus, the total number of channels recovered from inac- 
tivation exceeds the number of channels recovered from 
the reopening (or visible) pathway. Thus, some channels 
recover without going through the visible pathway. 

In patches that generate macroscopic currents, one 
can test the existence of the pathway other than reopen- 
ing by comparing current recovery upon removal of 
CFTRinh-172 in the presence or absence of ATP. Our 
experiments show that recovery from inhibition is para- 
doxically slowed down by the presence of ATP. In Fig. 9 B, 
one can see that ^2 min after the inhibitor was re- 
moved, 45.6 ± 3.6% (n = 16) of the initial current was 
obtained with ATP when the washout solution con- 
tained no ATP. On the other hand, if the washout solu- 
tion contained ATP, 25.4 + 2.8% (n = 10) of current 
recovery occurred (Fig. 6 C) . The phenomenon can be 
explained based on Scheme 3. In the absence of ATP, 
there are several ways of dissipation from the absorptive 
state (I inh ): Iinh-»Oinh-»0->C, Iinh-^Oinh-^Cinh-^C, and 
Iinh->Tinh->Ci„ n ->C. Because both ATP and CFTRinh-172 
are removed from the system, most dissipative pathways 
are irreversible. In contrast, when the washout phase 
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occurs in the presence of ATP, the reactions Imh— >T inh 
and Oini,— >Ci n h are reversed and therefore two of the dis- 
sipative pathways are gready slowed down. Thus, only 
one pathway is left for the recovery after inhibition. 

DISCUSSION 

In this study, we investigated the mechanism of CFTR 
inhibition by the thiazolidinone derivative, CFTRinh-172, 
a specific inhibitor identified by high-throughput screen- 
ing assays (Ma et al., 2002). Here, we will first draw 
several model-independent conclusions based on our 
data and then discuss the validity and potential limita- 
tions of the proposed kinetic scheme. Finally, we will 
speculate on the possible structural mechanism for the 
action of CFTRinh-172. 

CFTRinh-172 as a gating modulator 

Contrary to a previous report (Taddei et al., 2004), we 
found that CFTRinh-172 causes both a decrease in 
the open time and an increase in the closed time for 
WT-CFTR gated by ATR This finding, together with the 
observation that CFTRinh-172 inhibits locked-open 
CFTR channels without a significant delay, indicates 
that the inhibitor can bind to the open state. As the 
channels preexposed to CFTRinh-172 during the closed 
state respond to ATP differently than the channels with- 
out preexposure, one has to conclude that CFTRinh-172 
can also bind to the closed state. Thus, the binding site 
for CFTRinh-172 is accessible in both the open state 
and the closed state. 

Interestingly, unlike a simple pore-plugging mecha- 
nism, the binding of CFTRinh-172 to either the open 
state or the closed state does not cause immediate inhibi- 
tion of the current. The hyperbolic relationship between 
[CFTRinh-172] and the closing rate suggests that an ad- 
ditional step is required for the inhibitor-bound open 
state to travel to the inactivated state. This additional step 
may reflect a conformational change initiated by the 
binding of the inhibitor. Our studies do not provide any 
information on the exact conformational changes in- 
volved. It should also be noted that we cannot completely 
rule out the possibility that CFTRinh-172 binds to the 
pore, as a more complicated mechanism of blockade that 
involves a docking and a blocking step may explain some 
of our data (Zhou et al., 2001; Zhang et al., 2009). How- 
ever, a lack of voltage dependence (Fig. 1) (Ma et al., 
2002; Taddei et al., 2004) is more in line with an alloste- 
ric mechanism rather than simply plugging the pore. 

One of the most striking observations is the correlation 
between the potency of CFTRinh-172 and the open time: 
the longer the open time, the lower the IC50. This result 
suggests that the action of CFTRinh-172 on the open state 
is different from its effect on the closed state, although, 
as described above, both states can bind the inhibitor. 
A major difference between inhibitor-bound open state 



and inhibitor-bound closed state is noted in our experi- 
ments where CFTRinh-172 was applied at different times 
of the gating cycle. Although the binding of CFTRinh-172 
to the locked-open channels leads to an energetically cap- 
tive inactivated "open" state, the inactivated "closed" state 
is not as stable because even after a long exposure of the 
closed channels to CFTRinh-172, a significant amount of 
the inhibitor-bound closed channels is not inactivated, as 
they can still be opened by ATP (Fig. 8). 

The conclusion that the inactivated open state, Ii n h, is 
extremely stable energetically is also supported by experi- 
mental results on the recovery of inactivation. It takes 
tens of minutes for the current to recover upon washout 
of the inhibitor in the presence of ATP for the locked- 
open channels. Even for WT-CFTR under normal ATP- 
dependent gating, a time constant of ^40 s for current 
recovery in the presence of ATP is surprisingly long con- 
sidering that the open states (inhibitor-bound or inhibi- 
tor-free) are allowed to close rapidly. Perhaps the most 
important observation underscoring this line of reason- 
ing is the long duration before reopening is seen upon 
washout of CFTRinh-172 in the absence of ATP for locked- 
open channels. Although these events are difficult to 
quantify because of the small size of the signal, raw data 
shown in Figs. 7 and 9 A indicate that it takes tens to hun- 
dreds of seconds to see the reopening events. Observing 
these reopening events in the absence of ATP allows us 
to conclude that the NBDs of the inactivated open state 
remain engaged even though the channel is no longer 
conducting. In other words, the opening of the chan- 
nels in the absence of ATP suggests that ATP has yet to 
dissociate from NBDs. The long-lasting opening events 
also suggest that the NBD dimer is not separated (Vergani 
et al., 2005). Thus, the inhibitor does not work by dis- 
rupting NBD dimers. 

A minimum kinetic model for the action of CFTRinh-172 

As described in the Results, our experimental data lead 
to a six-state kinetic model (Scheme 3) . It should be noted 
that although the existence of each state in Scheme 3 
is supported by experimental observations, this model 
should be considered a minimum scheme. For exam- 
ple, it does not include steps portraying the dissociation 
of CFTRinh-172 from the inhibited states (I in h and r inh ) . 
However, including those steps will have to imply that 
both the open state and the closed state can be inacti- 
vated in the absence of CFTRinh-172. Although this 
could be the case, so far we do not have direct evidence 
supporting this notion. We have also lumped together 
many closed states because we are using a millimolar 
concentration of ATP so that the ATP-binding step is 
nearly saturated. 

In the supplemental text, we demonstrate at least 
semi-quantitatively how Scheme 3 can duplicate most of 
our data. Here, we will qualitatively describe some inter- 
esting features of this kinetic model. Although there are 
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overall seven transitions between states in Scheme 3, 
they can be divided into three groups: three gating tran- 
sitions between the open state and the closed state, two 
steps for the binding and unbinding of CFTRinh-172, 
and two steps for inactivation of inhibitor-bound open 
and closed channels. Because our functional assay does 
not directly measure binding and unbinding of the in- 
hibitor, we do not know if the binding affinity differs 
between the open state and the closed state. Our data, 
however, do indicate that the inactivated open state 
(I; n h) is more stable than the inactivated closed state. 
Thus, considering the four states on the right of Scheme 3, 
we can conclude that the opening of the activation gate 
by ATP facilitates inactivation, a phenomenon similar to 
the well-known observation for voltage-gated cation chan- 
nels (Armstrong, 1971, 1974; Armstrong and Bezanilla, 
1977) . Thermodynamic constraints then dictate that inac- 
tivation promotes opening of the activation gate. 

Scheme 3 also explains reopening of the locked-open 
channels in the absence of ATP upon washout of the 
inhibitor. This observation is analogous to the gating 
mechanism of some potassium channels where depolar- 
ization-induced, inactivated channels reopen transiently 
upon hyperpolarization, as the inactivation gate opens 
before the activation gate closes (Ruppersberg et al., 
1991). If the activation gate is allowed to close and in- 
deed closes much faster than recovery from the inacti- 
vated state (Ifah), one will not see reopening. Scheme 3 
predicts just that: this reopening will only be seen with 
channels with a slow closing rate (e.g., locked-open 
channels). When the closing rate of the inactivated 
channels (I; n h— >I'inh) is much faster than the rate of re- 
opening from the inactivated open state (Ii n h~ >0; n h) , 
the recovery from inactivation will take place predomi- 
nantly through the so-called "invisible pathway" (i.e., 
linh - >I'inh— »Cjnh) upon removal of the inhibitor. Indeed, 
for WT-CFTR gated by ATP, removal of the inhibitor in 
the absence of ATP did not elicit any transient current 
response (unpublished data). On the other hand, for 
locked-open channels, the slow closing of the activation 
gate allows the inactivated open state to travel to the in- 
hibitor-bound open state to become visible (i.e., I; n h— >0; n h 
in Scheme 3). 

In addition to the aforementioned differences be- 
tween WT and E1371S channels regarding the mecha- 
nism of recovery from inactivation, Scheme 3 also predicts 
differences in inactivation per se. For E1371S-CFTR, be- 
cause the closing rate is much slower than the rate of 
inactivation (i.e., Oi n h— >Cmh « 0; n h— >I; n h), the applica- 
tion of ATP to channels preexposed to CFTRinh-172 
(Fig. 8) will generate a biphasic current response as a 
result of Ci n h— >Oi n h— >Iinh- However, the same protocol, 
when used for WT-CFTR, will produce different results 
because the transition 0; n h— >I; n h is slow compared with 
other transitions that dissipate the 0; n h state. Indeed, as 
seen in Fig. 10, the application of ATP to WT-CFTR 



preexposed to CFTRinh-172 yields current rise in two 
phases without the appearance of inactivation. It should 
be noted that this apparent inactivation can be seen 
with WT-CFTR if we slightly modify the protocol. Also 
seen in Fig. 10, when ATP is applied in the continuous 
presence of CFTRinh-172, an initial increase of the cur- 
rent is followed by inactivation. This is simply because 
the presence of ATP and the inhibitor together shifts 
the reaction to favor the dominance of the 0; n h state, 
which then dissipates into the Ij n h state (see supplemen- 
tal text for simulations) . 

Structural implications 

As an ion channel, CFTR must possess a gate that con- 
trols the ion permeation pathway. Numerous functional 
studies have provided compelling evidence that this ac- 
tivation gate is controlled by ATP binding to CFTR's two 
NBDs and subsequent dimerization of the ATP-bound 
NBDs (for review see Chen and Hwang, 2008; Hwang 
and Sheppard, 2009). However, being a member of the 
ABC transporter family, CFTR likely evolves from an ac- 
tive transporter. Phylogenic analysis has classified CFTR 
into the ABCC subfamily, in which many members func- 
tion to export organic anions (Dean and Annilo, 2005) . 
If we accept the idea that the ancestor of CFTR is an ex- 
porter, one can assume that this ancestor protein likely 
possesses two gates as a transporter requires. This primor- 
dial protein will have its substrate-binding site accessible 
to the cytoplasmic side before ATP binds, and dimeriza- 
tion of its two ATP-bound NBDs will trigger conforma- 
tional changes that render the binding site exposed to the 
extracellular side. This classical alternating access model 
for a transporter has gained support from crystallographic 
studies that demonstrate outward-facing and inward- 
facing configurations of the TMDs of ABC proteins 
(Locher et al., 2002; Dawson and Locher, 2006, 2007; 

1 mM ATP 




Figure 10. Inactivation of WT-CFTR by CFTRinh-172. A continu- 
ous recording of WT-CFTR channels exposed to CFTRinh-172 
during the closed state. Phosphorylated channels were first ex- 
posed to 5 pM CFTRinh-172 in the absence of ATR In the con- 
tinuous presence of the inhibitor, the application of 1 mM ATP 
elicited a biphasic current response with an apparent inactivation 
phase. In the same patch, when ATP was applied after the inhibi- 
tor was removed, a different biphasic current response appeared 
(see supplemental text lor simulated results based on Scheme 3). 
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Hollenstein etal., 2007; Hvorup etal., 2007; Pinkett etal., 

2007) . Based on this idea, we have proposed that the di- 
merization-opened activation gate of CFTR is located at 
the extracellular end of the TMD (Tsai et al., 2009; also 
see Csanady, 2010). Thus, during evolution, the other 
gate located at the intracellular end of the TMD for this 
ancestor protein is degenerated so that CFTR can func- 
tion as an ion channel (Chen and Hwang, 2008). 

Although our work does not provide direct evidence 
pointing to a definitive structural mechanism for the ac- 
tion of CFTRinh-172, here we will discuss several possi- 
bilities. First, because binding of CFTRinh-172 to the 
channel leads to complete shutdown of the single-chan- 
nel current, one has to conclude that the pore is ob- 
structed. This can be a result of a direct blockade of the 
pore by CFTRinh-172. As explained above, the inhibitor 
may dock to the superficial position of the pore before 
it travels to a deeper position to block chloride ion 
movement through the permeation pathway. The ob- 
servation that mutations of the R347 residue in the sixth 
transmembrane segment alter the apparent affinity for 
CFTRinh-172 appears to support this idea (Caci et al., 

2008) , but these mutational effects could be secondary 
to changes in gating kinetics. Furthermore, the residue 
R347, mutations of which produce most changes in the 
apparent affinity, is not a pore-lining residue (Dawson 
et al., 1999; McCarty and Zhang, 2001; Ge et al., 2004; 
Bai et al., 2010) . Furthermore, the idea that CFTRinh-172 
inhibits CFTR by plugging the pore is difficult to explain 
why ATR which keeps the gate open, in fact slows down 
current recovery upon removal of the inhibitor. 

Second, CFTRinh-1 72 may work by decoupling NBDs 
from the activation gate controlled by ATP-induced 
NBD dimerization. This decoupling hypothesis is not 
only difficult to substantiate (or disapprove) because of 
the nonspecific nature of this hypothesis, but it is also 
difficult to explain how this decoupling preferentially 
occurs in the open state versus the closed state. Perhaps 
more importantly, the decoupling hypothesis does not 
provide clear insights for further examining this idea 
through experimentation. 

Third, part of the CFTR protein itself, like in the case 
of plugging the K + channel pore by the inactivation ball 
(Hoshi et al., 1990; Zagotta et al., 1990), blocks the per- 
meation pathway upon the binding of CFTRinh-172. 
In light of the evolutionary relationship between CFTR 
channels and ABC transporters, and the fact that many 
of our data can be explained by the action of an inacti- 
vation gate, this interesting possibility is worth consider- 
ation. One can imagine that opening the activation gate 
by ATP will cause constriction of the intracellular end of 
TMDs, where the inhibitor blocks the pore. Regardless, 
this hypothesis predicts that the opening of the activa- 
tion gate should facilitate the closing of the inactivation 
gate because during a transport cycle, these two gates 
are coupled. Our data indeed show that inhibitor-bound 



open channels are inactivated more readily than the in- 
hibitor-bound closed channels (see above). 

No doubt, the two-gate hypothesis proposed here 
needs to be further tested. Because this idea is borrowed 
from the voltage-gated ion channel field, perhaps many 
of the strategies used previously to understand how volt- 
age-gated cation channels activate and inactivate can be 
used to further examine this hypothesis. 
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